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Coimmobilization of the freshwater microalga Chlorella vulgaris and the plant-growth-promoting bacterium
Azospirillum brasilense in small alginate beads resulted in a signiﬁcantly increased growth of the microalga. Dry
and fresh weight, total number of cells, size of the microalgal clusters (colonies) within the bead, number of
microalgal cells per cluster, and the levels of microalgal pigments signiﬁcantly increased. Light microscopy
revealed that both microorganisms colonized the same cavities inside the beads, though the microalgae tended
to concentrate in the more aerated periphery while the bacteria colonized the entire bead. The effect of
indole-3-acetic acid addition to microalgal culture prior to immobilization of microorganisms in alginate beads
partially imitated the effect of A. brasilense. We propose that coimmobilization of microalgae and plant-growth-
promoting bacteria is an effective means of increasing microalgal populations within conﬁned environments.
Microalgae have many uses. They can serve as water biore-
mediation agents (40), as feed for aquaculture (17), as food for
humans and animals (10), in pigment production (25), in biore-
moval of heavy metals (49), and in agriculture (33). It is usually
desirable to establish large populations of microalgae, espe-
cially in aquatic environments where they are often employed.
One means of increasing microalgal populations may be to
inoculate them with other microorganisms, a strategy that is
being tested for its potential to increase yields of agriculturally
important plants (5, 23, 32).
One candidate microorganism for coinoculation with mi-
croalgae is Azospirillum brasilense, a member of the group of
plant rhizosphere bacteria known as plant-growth-promoting
bacteria (PGPB) (6, 20, 29). This relatively well-studied dia-
zotrophic bacterium (5) promotes the growth of many terres-
trial plants upon seed or root inoculation and increases the
yields of numerous crop plants (8, 37). All the known Azospi-
rillum species produce plant hormones, mainly auxins, as do
many other PGPB. It is thought that interference with the
hormonal metabolism of the host plant is one of the major
ways in which PGPB affect plant growth (15, 41).
The aim of this study was to increase the growth of the
freshwater microalga Chlorella vulgaris, an important organism
in tertiary wastewater treatment (21, 30, 44) and for several
industrial research studies (27, 48), by inoculating it with A.
brasilense when grown within a conﬁned environment. This
study is the ﬁrst report of the deliberate inoculation of Chlor-
ella sp. with a terrestrial PGPB, perhaps because of the differ-
ent origins of the two microorganisms. C. vulgaris is not known
to harbor any associative beneﬁcial bacteria, and Azospirillum
sp. is rarely used for inoculation in aquatic environments (42).
To ensure the close proximity of the two microorganisms in
the liquid medium essential for C. vulgaris, they were coimmo-
bilized in alginate beads and were cocultivated under con-
trolled conditions suitable for both, in batch cultures and in
continuous ﬂow cultures in a chemostat. Alginate beads of
various forms and shapes are convenient inoculant carriers for
use in numerous industrial, environmental, and agricultural
applications (3, 13, 19, 31, 45). Immobilized A. brasilense has
been proposed for semiarid agricultural uses (2, 9), but this
work is still in the experimental stage (3, 19). Chlorella sp.
coimmobilized with other microorganisms is used in industrial
processes where the microalga generates oxygen for the ac-
companying microorganism involved in compound transforma-
tion (14, 28, 39). Continuous culture techniques have been
used both for diazotrophic bacteria such as Azospirillum (46,
51) and for microalgae (34).
MATERIALS AND METHODS
Microorganisms and axenic growth conditions. C. vulgaris Beijerinck (UTEX
2714) was isolated from a secondary efﬂuent of a wastewater treatment stabili-
zation pond near Santafe de Bogota (21) and was puriﬁed from associative
bacteria using an antibiotic package (L. E. Gonzalez, V. K. Lebsky, J. P. Her-
nandez, J. J. Bustillos, and Y. Bashan, unpublished data). Prior to immobilization
in beads, axenic C. vulgaris was cultivated in a sterile mineral medium (C30) as
previously described (21) for 5 days. A. brasilense Cd (DSM 7030) was grown in
liquid nutrient broth (Sigma) or N-free OAB medium at 30 6 2°C for 16 h by
standard methods (7) and was used for immobilization after a washing in sterile
saline solution (0.85% NaCl).
Immobilization of microalgae into alginate beads and bead solubilization.
Microorganisms were immobilized using the method described by Bashan (2).
Brieﬂy, 20 ml of axenically grown cultures of C. vulgaris containing 6.0 3 10
6
cells/ml were mixed with 80 ml of a sterile, 6,000-cP 2% alginate solution (a
solution made of alginate mixed at 14,000 and 3,500 cP) and stirred for 15 min.
The solution was dripped from a sterile syringe into a 2% CaCl2 solution (11)
with slow stirring. The beads formed were left for 1 h at 22 6 2°C for curing and
then washed in sterile saline solution. A. brasilense cultures (approximately 10
9
CFU/ml) were immobilized similarly. Because immobilization normally reduces
the number of microorganisms in the beads (2), a second incubation step was
necessary, overnight in OAB medium for beads containing A. brasilense and 18 h
in 6.5 mM phosphate buffer for beads containing C. vulgaris. The low concen-
tration of phosphate and the short incubation period were insufﬁcient to dissolve
the beads. Where cocultures of A. brasilense and the microalga were used, the
same concentration of each microorganism used in pure cultures was mixed prior
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1527to incorporation with alginate and bead formation, but the volume of each
microbial culture was reduced to 10 ml before adding the alginate. Where
appropriate, indole-3-acetic acid (IAA) (10
24,1 0
25, and 10
26 M; Sigma), dis-
solved in 100 ml of C30 medium, was added prior to immobilization of C. vulgaris
into alginate beads.
Beads were solubilized for cell counts by immersing ﬁve beads (one bead per
milliliter) in a solution of 0.25 M phosphate-buffered saline (PBS) (pH 7.0 6 0.2)
f o r1ha t3 06 2°C. A. brasilense was counted by plating a series of dilutions (in
PBS) on nutrient agar plates (Difco, Detroit, Mich.), and C. vulgaris was counted
using a Neubauer hemocytometer.
Culture conditions for coimmobilized microorganisms or organisms alone.
Coimmobilized microorganisms or C. vulgaris organisms alone were grown in the
mineral salts of residual water medium (21) containing the following (in milli-
grams per liter): NaCl, 7; CaCl2, 4; MgSO4 z 7H2O, 2; K2HPO4, 21.7; KH2PO4,
8.5; Na2HPO4, 33.4; and NH4Cl, 10. These were grown either in batch cultures
or in continuous culture in a chemostat. The level of phosphate in the medium
was insufﬁcient to dissolve the constructed beads. Batch cultures (500 ml) were
incubated in nonbafﬂed Erlenmeyer ﬂasks at 22 6 2°C and 150 rpm and with a
light intensity of 60 mmol/m
2/s for 7 days. Cultures in a chemostat (Virtis,
Gardiner, N.Y.) were grown at 28 6 2°C and 90 rpm with 100% dissolved oxygen,
a light intensity of 30 mmol/m
2/s, and a medium exchange rate of 1.5 ml/h.
Samples for analysis were taken aseptically. Batch cultures were run for 7 to 9
days, and chemostat cultures were run for 5 to 10 days.
Location of C. vulgaris inside the bead. Random samples of beads from both
batch and chemostat cultures were transversely cut and immediately mounted on
a glass slide at ambient temperature (23 6 2°C) for light microscopy (Zeiss) at
a magniﬁcation of 3400. The location and numbers of C. vulgaris clusters and
individual cells within the bead were determined both in the outer periphery (0.5
mm) of the bead and in its interior.
Pigment analysis. The effect of coculturing with A. brasilense on the quantity
of some pigments of C. vulgaris was determined by high-pressure liquid chroma-
tography (series 1100; Hewlett-Packard) (47) after 7 days of incubation. Chlo-
rophylls a and b, b-carotene, lutein, and violoxanthin were analyzed.
Biomass determination. Ten grams of beads containing coimmobilized mi-
croalgae and bacteria was dissolved in 100 ml of PBS as described above. The
suspension was then ﬁltered through a 3-mm (pore size) plankton net leaving a
pellet of microalgae on the net. This pellet was resuspended in 100 ml of PBS.
Aliquots (10 ml) were centrifuged for 3 min at 1,400 3 g in tubes containing ﬁlter
paper (Jecaber 5098) at the bottom. The supernatant containing the bacteria was
discarded. The dry weight of the microalgae was measured after extracting and
drying the ﬁlter paper containing the microalgal pellet at 105°C for 1 h.
Experimental design and statistical analysis. Batch cultures were prepared in
triplicate where a single ﬂask served as one replicate, and each experiment was
repeated ﬁve times. Routine controls were prepared similarly but without mi-
croorganisms in the beads. Controls of heat-killed bacteria had no effect on
microalgal growth and therefore were not used routinely. Each of the chemostat
runs was repeated twice. Five beads were taken randomly (from each culture) for
counting of the total number of clusters and the number of cells within each
cluster. In each of the ﬁve beads, 10 microscopic ﬁelds were chosen randomly for
counting of microalgae. The dry weight of the microalgae was measured in
triplicate, where 10 g of beads dissolved in 100 ml of PBS served as a single
replicate. Pigment content was also analyzed in triplicate where the levels of
pigments in ﬁve dissolved beads served as one replicate. Experiments in which
IAA was added to C. vulgaris batch cultures were repeated twice (three ﬂasks per
experiment). Results of all repetitions were combined and analyzed by one-way
analysis of variance (ANOVA) or by Student’s t test (P # 0.05).
RESULTS
Multiplication of C. vulgaris within alginate beads under
batch and continuous growth conditions. C. vulgaris grew con-
tinuously within the alginate beads for 9 days, reaching a pop-
ulation of 7 3 10
6 cells/bead in batch cultures and only 5 3 10
6
cells/bead under continuous growth conditions. After 5 days of
incubation, signiﬁcantly more cells developed under batch cul-
ture (Fig. 1). Both culture types are useful for the study of C.
vulgaris colonization and behavior inside alginate beads.
Location and multiplication of C. vulgaris within alginate
beads when immobilized alone or when coimmobilized with A.
brasilense. During solidiﬁcation of the alginate into beads, nu-
merous internal cavities of various sizes are formed randomly.
Analysis of these cavities revealed that C. vulgaris preferred to
grow in the periphery of the bead. In this area there were
signiﬁcantly more algal clusters (colonies) (Fig. 2A), and each
cluster contained more microalga cells (Fig. 2B).
FIG. 1. Multiplication of C. vulgaris within alginate beads under batch and
continuous growth conditions. Points on each curve denoted by a different
lowercase letter differ signiﬁcantly at P # 0.05 in one-way ANOVA. Points
denoted by different capital letters after each day of incubation differ signiﬁcantly
at P # 0.05 in Student’s t test. The experiment was repeated ﬁve times, and the
results presented are from a representative experiment. Bars represent the stan-
dard error (SE). When the SE bar is absent, the SE is smaller than the point.
FIG. 2. Multiplication of C. vulgaris in the periphery and in the interior of
alginate beads under continuous culture conditions. Points on each curve de-
noted by a different lowercase letter differ signiﬁcantly at P # 0.05 in one-way
ANOVA. Points denoted by different capital letters after each day of incubation
differ signiﬁcantly at P # 0.05 in Student’s t test. The experiment was repeated
ﬁve times, and the results presented are from a representative experiment. Bars
represent the SE. When the SE bar is absent, the SE is smaller than the point.
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observed previously (2), increasing linearly (y 5 3.98x 2 2.55;
r
2 5 98.8) from 1.9 3 10
7 to 1.35 3 10
8 CFU/g of beads after
96 h of incubation. When the two microorganisms were coim-
mobilized in the same bead, signiﬁcant promotion of C. vul-
garis growth occurred within 1 day and continued for 6 days.
The total numbers of algal cells (Fig. 3A) and clusters signif-
icantly increased, both in the periphery and in the interior of
the bead (Fig. 3B and C). Similarly, the number of cells per
algal cluster signiﬁcantly increased both in the periphery and in
the interior of the bead (Fig. 3D and E). Fresh weight approx-
imately doubled (from 9 mg of beads per g to 18.9 mg of beads
per g), and the dry weight increased even more dramatically
(from 0.1 mg of beads per g to 2.4 mg of beads per g). Addition
of the auxin signiﬁcantly increased the multiplication of C.
vulgaris within the bead, an effect similar to that observed
following coimmobilization with A. brasilense. An IAA concen-
tration of 10
25 M gave the highest growth promotion (Fig. 4).
Increase in C. vulgaris pigment production when coimmobi-
lized with A. brasilense. The microalgal pigment concentration
FIG. 3. Multiplication of C. vulgaris and A. brasilense coimmobilized in the same alginate bead under continuous culture conditions. (A) Total number of cells; (B)
number of alga clusters in the periphery; (C) number of alga clusters in the interior of the bead; (D) number of cells per cluster in the periphery; (E) number of cells
per cluster in the bead interior. Points on each curve denoted by a different lowercase letter differ signiﬁcantly at P # 0.05 in one-way ANOVA. Points denoted by
different capital letters after each day of incubation differ signiﬁcantly at P # 0.05 in Student’s t test. The experiment was repeated ﬁve times, and the results presented
are from a representative experiment. Bars represent the SE. When the SE bar is absent, the SE is smaller than the point.
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alginate beads was compared to an axenic culture of C. vulgaris
immobilized in similar beads in batch cultures. Table 1 shows
that the concentration per cell of the ﬁve microalgal pigments
evaluated signiﬁcantly increased as a result of coimmobiliza-
tion of the two microorganisms in the same bead.
DISCUSSION
The use of PGPB to enhance plant growth and crop yield is
predicted to become a major activity in contemporary agricul-
ture in the near future (35). These bacteria may also prove
useful for increasing the production of microalgae that have
important application in aquaculture, environmental cleanup,
and the human food and animal feed industries (12, 16). At-
tempts to increase microalgal biomass have employed various
technological, physical, molecular, and environmental methods
(16, 40), albeit microalgal growth has limitations under any
culture conditions (43).
Our working hypothesis was that some PGPB affect agricul-
tural terrestrial plant performance by interfering with the host
plant’s hormonal metabolism (41). This hypothesis may be
extended to include unicell aquatic plants, such as the mi-
croalga C. vulgaris, which, following inoculation with PGPB,
may also exhibit enhanced cell proliferation and increased
biomass production. Microalga-growth-promoting bacteria
have not previously been identiﬁed; thus, we chose a nonspe-
ciﬁc PGPB, A. brasilense, as a candidate bacterium. In liquid
media, both microorganisms disperse: the microalgae through
currents (36) and the bacterium by its own motility (4, 50).
Effectiveness in industrial and water bioremediation applica-
tions would be improved if these free-moving microorganisms
were conﬁned to environments where their activities could be
better controlled. Furthermore, where mutual effects are ex-
pected, it is essential that the microorganisms are in close
proximity, as provided by small alginate spheres (26).
We show here that coimmobilization of the two microorgan-
isms in the same bead resulted in enhanced microalgal prolif-
eration, larger quantities of pigment production, and increased
culture biomass, effects similar to those found for terrestrial
plants following inoculation with Azospirillum sp. Thus, one
may speculate that phytohormones such as IAA, produced by
A. brasilense (22), may play a role in the stimulation of mi-
croalgal growth. This idea is supported by the growth promo-
tion seen following application of exogenous IAA (this study)
and the observation that algae are capable of using and being
affected by angiosperm hormones (1, 18, 24). Oxygen diffusion
is known to be limited inside gel spheres (38), and this may
explain why the majority of C. vulgaris proliferation occurred in
the periphery of the bead. This indicates that smaller beads
may be better for increasing microalgal biomass.
In summary, this study highlights the potential for using a
new agricultural technology, PGPB treatment, to increase mi-
croalgal biomass production in aquatic conditions when immo-
bilization is required, as in several bioremediation and indus-
trial processes. This has important implications for industry
and the environment. The ability of PGPB to affect unicell
plants extends the usefulness of these organisms beyond their
original agricultural uses.
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